The accomplishment of a high-power, free-electron laser (FEL) is dependent on efficient transfer of electron energy to the laser electromagnetic field and efficient recovery of the remaining electron energy. Electron energy transfer to the laser field occurs in a "wiggler". In the past, wigglers with a uniform period have been used. Recently, however, it has been proposed that a tapered wiggler would enhance the efficiency of energy transfer. In the Los Alamos Scientific Laboratory (LASL) experiments, the efficiency of energy transfer in tapered wigglers will be studied and recovery of a portion of the electron energy will be investigated. First, an amplifier experiment will be performed to demonstrate efficient energy extraction and laser gain of a tapered wiggler. In the second experiment, the FEL amplifier will be converted to an oscillator by increasing the duration of the electron beam pulse and by adding laser mirrors. In the third experiment, a racetrack beam-transport system will be added to the FEL oscillator to determine the recovery efficiency of the remaining electron energy.
Introduction
The objective of LASL's FEL program is to develop high-power FELS that will operate at optical wavelengths from the near infrared to the near ultraviolet. For these wavelengths, electron beams with energies above a few tens of MeV are required. To attain a high-power FEL at these wavelengths we must provide efficient transfer of the electron energy to the laser electromagnetic field and accomplish efficient recovery of the remaining electron energy.
Energy transfer from the electron beam to the laser field occurs in a "wiggler", which consists of a spatially periodic magnetic field. In past FEL experiments, a uniform wiggler with constant period of the magnetic field provided adequate gain but low efficiency of energy transfer from the electron beam to the laser field. Recent theoretical studies indicate that a tapered wiggler, in which the period of the magnetic field varies in accordance with the decreasing electron energy, would enhance energy extraction from the electron beam and thereby improve the efficiency of energy transfer. Modern for an infrared FEL. A series of experiments is planned at LASL to test these concepts. First, an amplifier experiment will be performed to determine the efficiency of a tapered wiggler. In this experiment, a high-power pulse from a C02 laser will be injected into the wiggler along with the electron beam. The intensity of the CO2 laser pulse will be varied to simulate operation at various FEL powers. Measurements of the decrease in electron energy and the increase in the laser field will be made and the results compared with theoretical predictions. In the second experiment, the FEL amplifier configuration will be converted to an oscillator by increasing the duration of the electron beam pulse and by adding mirrors to form the laser oscillator cavity. Again, the electron energy spectrum and laser radiation will be examined to determine the energy extraction efficiency as well as the optical quality of the laser beam. In the third experiment, a racetrack beam-transport system will be added to the FEL oscillator to provide partial recovery of the energy remaining in the electron beam after traversing the wiggler.
Amplifier Experiment
The purpose of the amplifier experiment is to determine the efficiency of tapered wigglers for weak laser fields, as well as for high signal levels in and near the saturation condition. The energy gained by the laser field and the energy extracted from the electron beam will be measured. Electrons from the gun in the injector will be accelerated in a singletank, standing-wave accelerator. The electron beam, after focusing, will traverse a doubly achromatic and doubly focusing transport system that bends the beam by 600 and directs the electrons, after further focusing, into the wiggler. A beam scraper in the center of the second dipole magnet will remove the low-energy tail of the electron-energy spectrum.
After the wiggler, the electron beam will enter a momentum spectrometer consisting of a dipole analyzing magnet and an electron beam diagnostic system. Table I. The injector pulser has been completely rebuilt to provide a 5-ns pulse rather than the previous l-ps pulse Fig. 1 . This system is expected to produce at least 1 J in a single l-ns pulse on a single laser line, P(20) , at a repetition rate of 1/10 Hz. The output will be in a single longitudinal mode, naving a nearly Gaussian spatial profile, with adequate focusability (Strehl ratio of 0.5 anticipated); Fig. 3 shows a schematic of the laser.
Five major elements can be noted: 1) the 2-m cavity oscillator containing both a high-pressure, high-gain medium and a low-pressure low-gain smoothing tube, used to select a single mode for oscillation; 2) the electro-optical switch used to pass only a short part (1-5 ns) of the oscillator's output; 3) the fourpass intermediate amplifier, which uses the same gain medium as the oscillator; 4) the combination of spatial filter, isolator, and beam expander that improves the beam's quality, protects the intermediate amplifier from reflected light, and prepares the beam for the final amplifier; and 5) the final amplifier, a commercially available three-pass Lumonics 600 amplifier.
From the final amplifier, the polarized light will be led to the wiggler by copper mirrors and a salt window. The sizes of the windows and mirrors and their spacings from the wiggler are determined by their damage thresholds.
The focal length of the final mirror is determined by the energy density desired at the focal spot and its depth of focus within the wiggler. These are chosen in a complex way to maximize the gain of the wiggler. 
Wiggler
The wiggler, which contains the spatially periodic magnetic field, is composed of 320 nearly identical SmCo5 permanent magnets. Each magnet is 3-1/2-cm long and 1/2-cm by 1/2-cm in cross section. The magnets are arranged to provide 40 periods of the magnetic field, including matching fields at each end. The matching fields are produced by a one-half period section that allows a smooth transition from zero to full magnetic field at the entrance and exit of the wiggler. The peak field at the center will be about 3 kG and the aperture for the electron and laser beams will be about 9 mm. To maximize the efficiency of energy extraction from the electron beam, the period of the magnetic field will be uniformly tapered by 12%. The overall length of the wiggler will be about one meter. Magnetic shields and trim coils will be provided to assure the proper electron trajectory within the wiggler. Removable fluorescent screens, viewed by vidicons, will be provided at the entrance, center and exit of the wiggler to assist in the alignment and superposition of the electron and laser beams.
Diagnostics
An energy-spectrum measurement will be the main electron beam diagnostic. The energy spectrum will provide details of the energy extracted from the electrons in the interaction between the laser beam and the wiggler field. The spectrum will be determined in a spectrometer consisting of an analyzing magnet, converter screen and an imaging system shown schematically in Fig. 4 .
Initially, a sensitive vidicon will be used to view the converter screen. With this arrangement, the spectrum of the entire 5-ns electron beam pulse will be obtained. If necessary or desirable, a gateable image intensifier will be added. This intensifier would be gated by a signal from the laser Pockels cell and with proper delay of the gate, the energy spectrum of the electrons arriving only during the l-ns laser pulse would be obtained.
Laser diagnostics will be provided to measure both the laser spatial intensity distribution within the magnetic wiggler and the energy gained from the The objective of the oscillator experiment is to study FEL operation with a tapered wiggler from startup to full power. The gain of a tapered wiggler is dependent on signal level. At low level, near startup, the gain is less than at higher levels where trapping of the electrons in the laser field occurs. The effects of this gain variation during the laser pulse are expected to be evident in the quality of electron and laser beams at the exit of the wiggler. Changes in the electron beam emittance and energy distribution during the pulse will be of interest in the design of the eventual energy-recovery system. Characteristics of the laser beam will be of fundamental importance. These include the laser beam power during the pulse as well as the pulse energy and beam quality.
For the oscillator experiment, the configuration used in the amplifier experiment will require modification. Mirrors will be added to form a laser oscillator cavity and the electron pulse length will be extended to 100 ps, to allow the FEL oscillations to build up from noise. To optimize the gain, improvements in the electron beam current and wiggler parameters (taper and magnetic field) will be required. To minimize the losses, the best quality optics (mirrors and windows) will be required.
Energy Recovery Experiment
The purpose of the energy recovery experiment is to determine the increase in FEL efficiency, afforded by recovery of a portion of the energy remaining in the electron beam after the wiggler. In this experiment the electron beam, after traversing the wiggler, will be directed back into a portion of the accelerator. The electron microbunches will be returned with the proper phase so that they may do work on the linac fields and transfer a fraction of their energy to these fields. A schematic of the racetrack configuration of the accelerator and FEL for energy recovery is shown in Fig. 6 . 
Present Status
The amplifier experiment has been designed and construction of the apparatus is underway. Completion is scheduled for early 1981. Amplifier experiments will begin upon completion of the apparatus, and will continue for a number of months. Design and construction of the oscillator experiment will begin in 1981 with experiments planned for 1982. Energy recovery experiments with the racetrack configuration are presently scheduled for 1983.
